We present a new scenario of gravitino dark matter which is compatible with the thermal leptogenesis. We confirm by an explicit calculation in supergravity that the relic abundance of thermally produced gravitino becomes insensitive to the reheating temperature once the temperature of the Universe exceeds the mass scale of the messenger fields. In such a situation, the correct baryon to dark matter ratio can be obtained by thermal leptogenesis when the reheating temperature after inflation is high enough. We demonstrate in a concrete model of gauge mediation that the correct abundance of gravitino and baryon asymmetry can be reproduced by considering the late-time entropy production from the decay of the SUSY-breaking pseudo-moduli field. The scenario is realized when the gravitino mass is 100 MeV m 3/2
Introduction
The existence of dark matter (DM) is the clearest hint to physics beyond the Standard Model (SM). Among various candidates to explain the unknown component of the Universe, the hypothesis of gravitino dark matter is very attractive as the gravitino always exists in supersymmetric (SUSY) theories and is often the lightest superparticle (LSP) since its mass is suppressed by the Planck scale. The gauge mediated SUSY breaking (GMSB) scenario [1, 2] is an explicit realization of the gravitino LSP while the superpartners of the SM particles can be much heavier due to the SM gauge interactions.
In the GMSB models, gravitinos are produced in the early Universe from the thermal bath of the particles in the minimal supersymmetric standard model (MSSM). The production process is more effective at high temperatures, and thus the relic abundance is proportional to the reheating temperature after inflation [4, 5, 6, 7, 8, 9, 10, 11, 12, 13] , Ω DM ∝ T R . This gives an upper bound on T R so as not for the gravitino abundance to exceed the observed DM abundance, Ω DM h 2 ≃ 0.1. The upper bound is T R 10 6 GeV for m 3/2 ∼ 1 GeV and it becomes more severe for a lighter gravitino. It is, therefore, difficult to realize the gravitino DM compatible with the thermal leptogenesis [14] , where the maximal baryon asymmetry is also proportional to T R . In order to explain the baron asymmetry of the Universe, we need T R 10 9 GeV [15, 16, 17, 18] . The ratio Ω DM /Ω B is predicted to be too large compared to the observed one, i.e., Ω DM /Ω B ≫ 5. The late-time entropy production do not help this situation since both the baryon and DM are diluted while fixing the ratio, Ω DM /Ω B .
The production rate of gravitino has been calculated in the literatures by using the supergravity Lagrangian, which should be correct at low energy. However, it has been argued in Ref. [20] , those estimates should be modified in GMSB models for a temperature higher than the messenger scale M mess . The authors of Ref. [20] evaluated the gravitino production rate using the Lagrangian of global SUSY, and found that for temperature T ≫ M mess , the rate is suppressed by ∼ M 2 mess /T 2 compared to the supergravity calculation. If this is the case, the gravitino relic abundance becomes insensitive to T R for T R ≫ M mess . The calculations in global SUSY should match the supergravity ones for energies higher than the gravitino mass at the leading order in the 1/M pl expansion.
Although the statement in Ref. [20] is clear in terms of global SUSY, it seems somewhat obscure in the supergravity description. In the global SUSY case, the MSSM fields couple to the goldstino (the longitudinal component of the gravitino) only though the loops of the messenger fields. The production rate is, therefore, significantly modified when the energy goes beyond the mass of the messenger fields. On the other hand, in the supergravity Lagrangian, there are contact derivative interactions between the gravitino and the supercurrent made of the MSSM fields, which lead a growth of the amplitude as energy increases. Therefore, in this description, there is no apparent reason for the gravitino production to be suppressed above the messenger scale [21, 22] .
In this paper, in order to offer a comprehensive view about the gravitino thermal production, we explicitly calculate a gravitino production process both with a global SUSY Lagrangian and a supergravity Lagrangian, independently. We confirm the suppression of the gravitino production rate both in global SUSY and supergravity for s > M mess even though there is a contact interaction term in the supergravity Lagrangian. It is found that the loop diagrams involving messenger fields in the supergravity calculation cancel the tree-level amplitude at a high energy region. The result agrees with the intuition from the goldstino equivalence. The results indicate that the relic abundance of the gravitino is proportional to the messenger scale, Ω DM ∝ M mess rather than T R for T R ≫ M mess . Therefore, in this occasion, there is no reason to abandon thermal leptogenesis. Given that the gravitino abundance does not depend on T R , the ratio Ω DM /Ω B can be fixed to the observed value, ∼ 5, with a suitable T R .
Although the observed DM-baryon ratio can be explained by the thermal leptogenesis, the scenario requires a late-time entropy production by some mechanism, because the produced amount of gravitino is still larger than the observation, Ω DM h 2 ≫ 0.1, in order to explain the Ω DM /Ω B ratio. Interestingly, we already have a source of the entropy production in GMSB models; there is a pseudo-moduli field in generic low-energy SUSY breaking models, which can supply a large amount of entropy by its decay. We demonstrate the scenario in a simple model of gauge mediation and confirm that the scenario indeed works as the mechanism to produce the right amount of the gravitino DM.
The sketch of the scenario is as follows; the reheating of the Universe occurs at a high T R so that the gravitino abundance is independent of T R . With an appropriate reheating temperature, the ratio of energy densities Ω DM /Ω B can be fixed at the observed value, Ω DM /Ω B ∼ 5, after the reheating process. Later, the SUSY breaking pseudo-moduli starts coherent oscillation about the minimum of the potential, and the oscillation energy eventually dominates the Universe. A sizable amount of entropy is released by the subsequent decay, and the pre-existing gravitinos and baryons are diluted by a same amount to realize the observed values.
Throughout our analysis, the SUSY scale is assumed to be M SUSY ≃ 5 TeV to realize m h = 125 GeV [3] within the MSSM. Although it sounds difficult to confirm the scenario by the LHC experiments, the framework we use predicts a relatively small µ-term and thus there is a light higgsino with mh ∼ O(100) GeV . We explain this point in appendix B. Such a light higgsino may be within the reach of future experiments such as at an International Linear Collider (ILC). Since the life-time of higgsino can be as long as O(1) sec, we check the constraints from the Big-Bang nucleosynthesis (BBN) and find that the light higgsino is cosmologically safe if the gravitino mass is less than ∼ 500 MeV.
Gravitino thermal production in GMSB revisited
The gravitino production rate has been calculated by using the supergravity Lagrangian [4, 5, 6, 7, 8, 9, 10, 11, 12, 13] , which leads the result that the abundance is proportional to T R . In GMSB models, the production is dominated by that of the longitudinal mode which can be evaluated by identifying the longitudinal mode as the goldstino in the global SUSY Lagrangian. Moreover, in GMSB models, one can use a framework of a linearly realized SUSY breaking model with a singlet superfield S, whose F -component VEV breaks the SUSY.
An explicit calculation of the goldstino production shows that the goldstino relic abundance is not necessarily proportional to T R [20] , which contradicts with the estimation in supergravity. We examine this apparent contradiction by calculating the scattering amplitudes of goldstino/gravitino production process both with a global SUSY Lagrangian and a supergravity Lagrangian. We confirm that the supergravity result should be modified at high energy.
Gravitino thermal production in GMSB

Calculation in supergravity Lagrangian
Here we briefly review why the gravitino relic abundance is determined by the reheating temperature T R . Gravitinos are produced from the scattering process of the MSSM fields and the amplitudes are calculated by using the supergravity Lagrangian,
where the gravitino field is denoted by ψ 3/2µ . The gravitino has the tree-level interactions with all the chiral multiplets (φ i , ψ i ) or gauge multiplets (A a µ , λ a ) in the MSSM and the form of interactions is uniquely fixed by local SUSY. For the gravitino production, there are ten two-body processes involving left-handed quarks (q i ), squarks (q i ), gauginos (λ a ) and the gauge bosons (A a ), which are called processes A to J in the literatures [4, 5, 6, 8, 9] . In the literatures the QCD processes are discussed in detail because they are the dominant processes. Here we focus on a particular process e − e + → λψ 3/2 (called process I in the literatures) for simplicity. The tree-level diagrams are shown in Fig. 1 .
The scattering amplitude is calculated by the supergravity Lagrangian in Eq. (1). Among the polarized amplitudes, the following turns out to have the highest power in the center-ofmass energy, √ s, and thus dominates at high energies,
where arrows in the parenthesis represent the spins of the electron, the positron, the gaugino and the gravitino, respectively. The angle θ is the production angle in the center-of-mass frame. The gauge coupling of QED is denoted by e. Although each of s-, t-and u-channel In order to estimate the relic abundance of the gravitino, we should calculate the reaction rate which is proportional to the square of the amplitude,
where the temperature dependence is determined by dimensional analysis. The key is the cubic dependence on T . If the reaction rate depends on the temperature with a higher power than the Hubble parameter H(T ) ∝ T 2 , the resultant gravitino abundance is fixed at high temperature, T R . In contrast, if the power is lower than H(T ), the yield is fixed by the lowest temperature. If the process e − e + → λψ 3/2 is effective and Eq. (3) is valid for an arbitrary temperature, the gravitino abundance is determined by T R .
Goldstino analysis
In GMSB models, effects of SUSY breaking are transmitted to the MSSM sector through the messenger loop diagrams. A superpotential of the following form is usually assumed,
SUSY is broken by the F -component of the singlet superfield S. f andf represent the messenger superfields which have SM gauge charges. If F S is the only source of the SUSY breaking, the fermion component of S (we call it ψ S ) is the goldstinoG, which is absorbed into the longitudinal component of the gravitino. In general, there are additional sources of SUSY breaking from the F -components of other chiral multiplets. In that case, the goldstino is composed of the liner combination of the fermions which belong to the multiplets whose
where
Therefore, the amplitude for the goldstino production is given by rescaling that for ψ S by a factor F S /F . Unlike the gravitino in the supergravity Lagrangian, the goldstino does not couple directly to the MSSM fields. The goldstino is produced through the messenger loop diagrams shown in Fig. 2 . We expect that the scattering amplitude of the process e − e + → λG coincides that of the gravitino production in Eq. (2).
By explicitly evaluating these diagrams, however, a different result from supergravity estimation comes out. For the same process and the same polarization to Eq. (2), the scattering amplitude is calculated to be
where M mess = λ S is the messenger mass scale. We have translated the parameters of global SUSY, λ and S , to the parameters of the supergravity, m 3/2 and M pl by using the formulae in GMSB:
and
The function C 0 ( s, M mess ) is the C-function defined in Ref. [19] ,
In a low energy limit, √ s ≪ M mess , C 0 is approximately given by C 0 ≃ −1/2M 2 mess and reproduces the result of supergravity calculation in Eq. (2). However, for s ≫ M mess , C 0 scales as 1/s up to a logarithmic factor.
If the external energies are lower than the messenger mass scale, i.e., for T < M mess , the reaction rate depends on the temperature as ∝ T 3 ,
which reproduces the result of the supergravity calculation in Eq. (3). Here we again squared the amplitude and fixed the temperature dependence by dimensional analysis. However, for T > M mess , the reaction rate is suppressed by ∼ M 2 mess / T 2 compared to Eq. (11), namely
The point is that the temperature dependence of Γ e − e + →λG (T )/H(T ) gets suppressed as 1/T at high temperatures, which makes the goldstino relic abundance irrelevant to the reheating temperature. Rather, the abundance is determined by the messenger mass scale. 
Supergravity calculation in GMSB
We observe a difference between the two amplitudes, Eq. (2) and Eq. (7). One of them should be modified at high energy, s ≫ M mess , if we believe in the goldstino equivalence.
We find that the modification appears in the supergravity calculation. In GMSB models, there are messenger fields, which potentially affect the gravitino production process. In fact, they contribute to the gravitino production process e − e + → λψ 3/2 through the one-loop diagrams shown in Fig. 3 . Even though they are diagrams at the one-loop level, they cannot be neglected compared to the tree-level ones in Fig. 1 since the gaugino mass in Eq. (2) is at the one-loop order in GMSB models. Note here that the diagrams in Fig. 3 are not the microscopic description of the first diagram in Fig. 1 . Both diagrams exist as independent ones in supergravity. The explicit calculation shows
where C 0 is again the C-function in Eq. (10). The dots in Fig. 3 represent insertions of F S , and we used Eq. (8) to derive the above formula. A few comments are in order. At a lower energy than the messenger mass scale, the messenger fields can be integrated out and absent in the low energy theory. The gravitino interactions are then completely read off from the supergravity Lagrangian of the MSSM fields (1). The supergravity prediction in Eq. (2), therefore, should not be altered for s ≪ M mess . The additional contribution (13) indeed respects this consideration. The factor, 2M 2 mess C 0 + 1, in Eq. (13) goes to zero as s → 0, and thus the amplitude is accurately represented by Eq. (2) at low energy. However, the one-loop contribution becomes comparable to that of tree-level for s ≫ M mess since the factor, 2M 2 mess C 0 + 1, approaches to 1.
Combined with the tree-level contribution (2), we confirmed that the growing amplitude at √ s ≫ M mess in supergravity is completely cancelled by the one-loop diagrams, and the total supergravity calculation coincides with the result from global SUSY,
(one loop)
Additional contribution from the tree-level messenger scatterings
For T > M mess , in addition to the scattering processes of the MSSM particles, the goldstino is also produced by scattering processes where the messenger fields are in the external lines. The reaction rate is calculated to be [20] 
As we see from Eq. (12) and Eq. (15), the reaction rate of the messenger particles is larger than that of the MSSM particles by a loop-factor since the messenger fields directly couple to the goldstino through the superpotential interaction.
The gravitino relic abundance
Summarizing the previous subsection, in GMSB models, the gravitino is produced from the scattering processes of the MSSM fields and the messenger fields. Depending on the value of T R , the resultant gravitino relic abundance is determined by different values; if T R < M mess , the abundance is fixed by T R , and if T R > M mess , it is the messenger mass scale to fix the 
The abundance in Eq. (17) is not a straightforward replacement of T R to M mess in Eq. (16) since the production through the messenger fields are not suppressed by a loop factor.
The estimates so far do not include a contribution of the transverse mode of the gravitino.
For a very high reheating temperature, the transverse mode becomes relevant,
Including both the longitudinal and the transverse modes, we show the gravitino relic abundance in GMSB with the messenger scale fixed to be M mess = 10 7 GeV in Fig. 4 . As we see from the figure, the gravitino relic abundance is predicted to be constant in a wide range of the reheating temperature, but the amount is too large compared to the observed dark matter energy density Ω DM h 2 ≃ 0.1. The overproduced gravitinos must be diluted by some mechanism. Although the prediction to Ω 3/2 is too large, the insensitivity to T R brings us a new scenario of gravitino DM.
A new scenario of gravitino dark matter
As we have confirmed in the previous section, the gravitino relic abundance becomes insensitive to T R once the temperature of the Universe exceeds the messenger mass scale. The results have a crucial impact on the possible mechanism of baryogenesis. In this section, we present a new cosmological scenario of gauge mediation, where gravitino dark matter and thermal leptogenesis are compatible. The scenario requires a late-time entropy release by some mechanism, which is automatically supplied by the decay of the SUSY breaking pseudo-moduli field. We demonstrate the scenario with a simple model of gauge mediation as an example and see that the scenario actually works.
Throughout the analysis, we assume the SUSY scale to be M SUSY 5 TeV and in particular fix the gluino mass to be mg = 5 TeV to account for the Higgs boson mass of 125 GeV within the MSSM in GMSB [3] . Although most of the SUSY particles are then too heavy to be detected at the LHC experiments, the model predicts higgsino to be as light as mh ∼ O(100) GeV. We briefly mention the cosmological constraint on the light higgsino in the last subsection.
Compatibility with thermal leptogenesis
In a light gravitino scenario, thermal leptogenesis and gravitino DM are thought to be incompatible with each other. The possible maximum amount of baryon asymmetry produced by the thermal leptogenesis is proportional to the reheating temperature [15, 16, 17, 18] ,
which puts a lower bound on T R (T R 10 9 GeV) to realize the observed value Ω B ≃ 0.045. If the gravitino relic abundance is represented as Eq. (16) for any T R , the thermal production of gravitino DM and the thermal leptogenesis are incompatible; even if we assume a latetime entropy production to dilute overproduced gravitino to match the abundance to the observation, baryons are also diluted at the same time and the abundance never reproduces the observation. In other words, the ratio Ω 3/2 /Ω B is constant as long as the abundances are both proportional to T R , and always larger than the observed ratio, Ω DM /Ω B ∼ 5. Since the gravitino abundance becomes constant for M mess < T R whereas the maximum value of Ω B is always proportional to T R , the ratio Ω 3/2 /Ω B eventually reaches the observed value as T R becomes higher. We plotted a minimum value of the prediction for Ω 3/2 /Ω B as a function of T R . We see that the observed value of Ω DM /Ω B can be reproduced for T R 10 13 GeV.
However, in GMSB, if the reheating temperature is higher than the messenger mass scale, the gravitino relic abundance becomes insensitive to T R . Then, the observed ratio of the energy densities, Ω DM /Ω B ∼ 5, can be realized with thermally produced gravitino and the thermal leptogenesis. We plot the prediction for Ω 3/2 /Ω B to visualize the situation in Fig. 5 .
If the gravitino abundance is proportional to T R for any T R , the theoretical prediction never reaches the observed value Ω DM /Ω B ∼ 5 (dotted line). However, if the reheating temperature is higher than the messenger scale, Ω 3/2 becomes independent of T R in GMSB, which allows Ω 3/2 /Ω B to achieve the observed value.
Late-time entropy release
The ratio of the energy densities Ω DM /Ω B ∼ 5 can be realized by thermally produced gravitino and thermal leptogenesis with an appropriate reheating temperature as we saw above. However, as is obvious from Fig. 4 , the predicted gravitino abundance is too large compared to the observation, Ω DM h 2 ≃ 0.1. The overproduced gravitino should be diluted by a late-time entropy release by some mechanism. The required amount of dilution is 
where T R > M mess is assumed.
Actually, a source of entropy production is already incorporated in the scenario: the scalar component of the singlet superfield S, which is called the pseudo-moduli field. In the early Universe, it is possible that the pseudo-moduli is displaced from the vacuum and starts oscillation around the minimum. Since the pseudo-moduli is massless at tree-level and gets mass only through the quantum effects, it is often much lighter than the SUSY breaking scale, √ F , and is long-lived if there is a weakly coupled description for the SUSY breaking
sector. In such a case, the pseudo-moduli can eventually dominate the energy density of the Universe, and a sizable amount of entropy is produced from its decay.
Demonstration in a simple model of gauge mediation
The model
We study a low-energy effective theory of O'Raifeartaigh type SUSY breaking model coupled with the messenger fields:
where S is a gauge singlet superfield called the SUSY breaking pseudo-moduli. The messenger superfields are demoted by f andf . There is an R-symmetry where the charge assignment is R(S) = 2 and R(ff ) = 0. If the R-symmetry is unbroken, S is stabilized at S = 0 where we cannot integrate out the messenger fields. Once we turn on the supergravity effects, however, the R-symmetry is explicitly broken by the supergravity correction represented by the constant term c, which destabilizes the origin and creates the SUSY breaking vacuum at [23] , where M pl ≃ 2.4 × 10 18 GeV is the reduced Planck scale.
Since there is also a SUSY preserving minimum at S = 0 where the messenger fields condense, the SUSY breaking vacuum is a meta-stable state. For a realistic cosmology, the S field should stay away from the SUSY vacuum in the course of cosmological evolution.
Cosmological evolution of S
Cosmological evolution of the pseudo-moduli in the model in Eqs. (22) and (23) is examined in detail in Refs. [25, 26, 27, 28, 29] . It has been found that the SUSY breaking minimum is preferred to the SUSY preserving one for a wide region of the parameter space even if the messenger particles enter the thermal equilibrium ‡ . Also, with an appropriate initial condition the pseudo-moduli start oscillation around the SUSY breaking vacuum and the oscillation energy dominates the energy density of the Universe.
We define the dilution factor ∆ due to the entropy release from the decay of the pseudomoduli as
where s inf and s S represent the entropy densities produced by the decays of the inflaton and S, respectively. If ∆ > 1, ∆ is well approximated by
where ρ S is the energy density of S and T d is a decay temperature of the pseudo-moduli, which is defined by
The total decay width of S is denoted as Γ S . The formulae of Γ S and T d are found in appendix A.
If the magnitude of dilution factor ∆ coincides ∆ 3/2 in Eq. (21), the overproduced gravitinos are diluted to realize the observed dark matter abundance, Ω DM h 2 ≃ 0.1. In order to realize the right amount of baryons, Ω B ≃ 0.045, at the same time, we need an appropriate reheating temperature. Since the baryon asymmetry is also diluted by the entropy production, the reheating temperature should be high enough to produce abundant baryons in advance, namely 10 9 × ∆ 3/2 T R is required in the scenario. We show the required set of the dilution factor (∆ 3/2 ) and the reheating temperature (T R ) in m 3/2 vs M mess plane in Fig. 6 .
In the present set-up, there exists a parameter region where the dark matter and the baryon asymmetry are explained by thermally produced gravitino and thermal leptogenesis simultaneously (blue and green regions), with an appropriate combination of ∆ and T R . ‡ The vacuum selection is discussed in the literatures [30, 31, 32, 33, 34, 35, 36, 37, 38, 39 ]. The present model had been thought to be problematic because the S field tends to fall into the SUSY preserving vacuum by a finite temperature potential.
In order to estimate the magnitude of the dilution factor from the decay, we numerically solved the equation of motion of the pseudo-moduli with the initial condition set at the inflaton dominated era. The results depend on the initial location of the S field which can be far away from the origin depending on the inflation model and the coupling between S and the inflaton [25, 26] . In this study, we choose the initial position of S to be Λ or M pl for illustration. The results are shown in Fig. 7 . As we see from the figure, by choosing an appropriate value of the initial condition of S from between Λ and M pl , the required amount of entropy can be supplied from the oscillation energy everywhere in the blue and green regions in Fig. 6 ; we have confirmed that required entropy production can be obtained in this model.
Non-thermal gravitino production
While the dark matter is explained by thermally produced gravitino in the blue and green regions in Fig. 6 , gravitinos are also produced non-thermally by the rare decay S → ψ 3/2 ψ 3/2 .
We calculate the non-thermally produced gravitino abundance in appendix A and found that the abundance coincides the observed dark matter abundance with m 3/2 ∼ 2 GeV. Taking : Required amount of the dilution factor (∆ 3/2 ) and the reheating temperature (T R ) to realize the observation Ω DM h 2 ≃ 0.1 and Ω B ≃ 0.045. In blue and green regions, the dark matter is explained by gravitino and baryon asymmetry is supplied by thermal leptogenesis with an appropriate choice of ∆ and T R . In the green region, the non-thermally produced gravitino abundance coincides the observed DM abundance. We should discard the parameter regions shaded by (light)gray color. For gray regions denoted as "unstable S" and "unstable f ," the SUSY breaking minimum is unstable [23] . For a light gray region "fall into SUSY vacuum," the pseudo-moduli fall into SUSY preserving vacuum along the cosmological evolution and never reaches the SUSY breaking vacuum [27] . We define ∆ max as the maximum dilution factor available under the condition that the oscillation amplitude is small so that S does not fall into SUSY vacuum. In the region ∆ 3/2 > ∆ max we cannot obtain a required amount of dilution factor ∆ 3/2 while S successfully reaches the SUSY breaking minimum. Gravitinos are overproduced non-thermally in the gray region "Ω NT 3/2 h 2 > 0.3." The results of numerical study. In the left(right) figure the initial condition of the position of S right after the inflation is taken to be S 0 = Λ(S 0 = M pl ). The required amount of dilution factor and the theoretical prediction are denoted as ∆ 3/2 and ∆. In the blue regions a sizable amount of entropy enough to dilute overabundant gravitino is produced by the decay of S. We see that a required amount of dilution factor read off from Eq. (21) can be always supplied by the decay by choosing an appropriate value of S 0 from between Λ and M pl . it is difficult to confirm the scenario by the LHC experiments. However, it is possible that the µ-parameter in the MSSM is much smaller than other superparticle masses. In the GMSB model we used for the cosmological study there is a natural solution to the µ-problem (we mention the prescription in appendix B). The model predicts a light higgsino with its mass of O(100) GeV. The µ-term is generated by a direct coupling between SUSY breaking chiral multiplet and Higgs multiplets assumed at the cutoff scale Λ, which results in a relatively small µ-term compared to Higgs soft mass parameters. For a cosmologically favorable region of the gravitino mass, the lightest higgsino does not decay inside the detector. In that case, searches for mono-jet processes at LHC or mono-photon ones at the ILC will be able to find the light higgsino.
Comments on a light higgsino
One should check if a light higgsino scenario is compatible with the constraint from the BBN. If the higgsino mass is so small that the life-time becomes as long as O(1) sec, the decay may alter the abundance of the light elements. We have checked the BBN constraints in the case of mh = 300 GeV and found that such a light higgsino is cosmologically safe if the gravitino is lighter than ∼ 500 MeV. A detailed discussion is given in appendix B.
Summary
We re-investigated the thermal production of the gravitino in general framework of gauge mediation. Calculating the gravitino production cross section using both the goldstino Lagrangian and the supergravity one, we confirmed that the relic abundance become insensitive to the reheating temperature if the temperature of the Universe once exceeds the messenger To make sure that the scenario actually works, we examined cosmological evolution of the pseudo-moduli field in a concrete model of gauge mediation. With an appropriate initial condition, we showed that the oscillation energy of the pseudo-moduli dominates the energy density of the Universe and a sizable amount of entropy needed to fix the energy densities of gravitino and baryon is released by the subsequent decay. The scenario is realized when the gravitino mass is 100 MeV m 3/2 1 GeV and the messenger scale is 10 6 GeV M mess 10 9 GeV.
Although we have studied the scenario with M SUSY 5 TeV to account for the 125 GeV
Higgs boson, the higgsino can be as light as O(100) GeV. Such a light higgsino can be discovered in a future experiments. We have checked that a light higgsino is safe from the BBN constraints if the gravitino mass is smaller than ∼ 500 MeV.
A Pseudo-moduli interactions with the MSSM fields
We summarize the interactions between the pseudo-moduli and the MSSM fields needed to study the decay of S. The pseudo-moduli interacts with the MSSM fields through the messenger loop diagrams. The interactions can be read off from the S dependence of the low energy parameters [25, 26] . For scalar fieldsf , the effective interaction Lagrangian is written as
The effective mass parameter (mf eff ) 2 is a part of the scalar mass that is proportional to 1/| S | 2 . One element of the scalar mass is the contribution from the gauge mediation,
which is induced at the messenger mass scale M mess . If the gauge mediation is the only source of the scalar mass, mf eff is identical to their mass. In that case, mf eff is the gauge mediation contribution plus the radiative corrections. In appendix B, we consider a direct coupling between the S field and the Higgs superfields to solve the µ-problem. In that case, m Hu consists of two sources; one is from the gauge mediation and the other is from the direct coupling. The latter piece does not depend on S , and has little effect on the effective coupling constant.
As we evaluate the abundance of non-thermally produced higgsino to check the BBN constraint in appendix B, we list the interaction with higgsino,
The coefficient µ eff is again a part of µ that is proportional to 1/ S . Actually, as we see in appendix B, µ-term is generated at the cutoff scale Λ through the Kähler potential Eq. (38) and it does not have S dependence. The VEV dependence of µ eff appears only through the renormalization group running, and the effect is very small for the µ-term. The effective coupling µ eff is suppressed compared to the µ-term, typically
Among the effective couplings, the Higgs mass parameter m Hu eff is enhanced by the large renormalization group running [26] ,
Decays of the S field
The S field mainly decays into the MSSM particles. Since the mass parameter m Hu eff is enhanced over other SUSY breaking parameters, the decay rate into the Higgs boson is enhanced. For m S > 2m h , the main decay channel turns out to be S → hh, ZZ and W W , where the gauge bosons are longitudinally polarized [26] ,
Approximating the total decay width Γ S by that of main channel, the decay temperature defined in Eq. (26) is written as 
There is also a rare decay mode S → ψ 3/2 ψ 3/2 , which become important if the gravitino mass is larger than ∼ 1 GeV. The decay width is calculated to be [25, 26] Γ 3/2 = 1 96π
If S dominates the energy density of the Universe, non-thermal gravitino abundance is calculated to be
where (ρ c /s) 0 ≃ 1.8 × 10 −9 GeV is the critical density divided by the entropy density at present. Approximating the decay temperature as Eq. (34) 
We have used the formula in Fig. 6 .
B µ-problem and a light higgsino
Here we present a possible solution to the µ-problem. As we see below, the solution predicts a relatively light higgsino compared to M SUSY . We check whether a light higgsino scenario is allowed by the BBN constraint.
the decay process of the neutralino and presented constraints on Y χ = n χ /s, the yield of χ, in a Bino-like NLSP case. We use the constraints to derive those for the higgsino.
Since the life-time of a neutralino χ is approximately proportional to m 2 3/2 /m 5 χ , constraints on the primordial abundance are more severe for larger m 3/2 or smaller m χ . We focus on a case that the mass of NLSP (in our case higgsino) is 300 GeV. According to Ref. [40] , if the gravitino is heavier than ∼ 500 MeV, the stringent bound on the bino abundance comes from the overproduction of the Deuterium. For 10 MeV m 3/2 500 MeV, the bound is from the overproduction of 4 He, mBYB 10 −13 GeV (500 MeV m 3/2 100 GeV),
mBYB 10 −9 GeV (10 MeV m 3/2 500 MeV).
The bound is much weaker for m 3/2 10 MeV. We estimate the higgsino abundance in the scenario and check whether a light higgsino is allowed by BBN.
Higgsinos are produced non-thermally from the decay of the pseudo-moduli,
where Bh is the branching ratio of the decay process S →hh and the decay temperature 
The abundance of the non-thermally produced higgsinos is decreased by the subsequent annihilation process. This effect can be taken into account by solving the Boltzmann equation,
where σv is the thermal averaged annihilation cross section of higgsino [41] † ,
where θ W is Weinberg angle. The solution of the Boltzmann equation (44) is approximated by a simple analytic formula [42, 26] . In terms of the yield value Yh = nh/s, (40) and (41), we see that the higgsino abundance is below the BBN constraint for m 3/2 500 MeV with the help of the annihilation process.
